In persistent luminescence materials, the SrO-Al 2 O 3 system has been mainly studied due to its chemical stability, higher photoluminescence response and longest green-afterglow times. Specifically, the research has focused on SrAl 2 O 4 doped with europium and dysprosium. SrAl 2 O 4 has two polymorphs: monoclinic polymorph (space group P2 1 ) and hexagonal polymorph (space group P6 3 22). Besides, the coexistence of these two phases, monoclinic and hexagonal, appears in almost all the results. However, it is not clear how this coexistence influences optical response. Some authors have reported that only the monoclinic structure exhibits luminescence properties, while another suggests that the hexagonal SrAl 2 O 4 polymorph has a higher emission efficiency than the monoclinic polymorph. Here we report a systematic evaluation of the effects of the stabilization of the hexagonal SrAl 2 O 4 polymorph. We show that an interrelationship between the hexagonal polymorph and phosphorescent properties is the linchpin for the development of good luminescence properties. Remarkably, the stabilization of the hexagonal SrAl 2 O 4 polymorph on the monoclinic-hexagonal polymorphic coexistence appears to be related to the preservation of the nanometric nature of the SrAl 2 O 4 -based system. Our results will help to understand the role of the hexagonal polymorph in the polymorphic coexistence on SrAl 2 O 4 -based systems and may facilitate the development of luminescent nanometric particles for the design and preparation of new light emitting materials. 
suggest a direct transition from monoclinic phase, P2 1 , into the hexagonal phase, P6 3 22 , in a reversible process. While other authors establish a monoclinic 4 hexagonal phase transition at 680 C in the space group P6 3 and a second-order transition to P6 3 22 at 860 C.
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The lack of an accurate study about the hexagonal phase is due to the complexity of synthesis. The introduction of Ba to obtain the hexagonal phase requires a content above 0. Taking into account these studies and previous results that suggest the coexistence of hexagonal and monoclinic phase at RT by molten salt synthesis, 15 here we propose the combination of an excess of Al together the incorporation of Zn 2+ to synthesize the hexagonal phase at RT and as processing synthesis molten salt route. This synthetic route (that is, molten salt process) has been used due to relevant advantages in particle control and phosphorescence efficiency over the previous methods than may use for the synthesis of strontium aluminates as microemulsion process. 16 The control of particle size overcomes limiting aspect (particles with average particle size > ca. 3-50 mm) for current applications. In addition, the phosphorescence efficiency is attained by the synthesis of defect-free nanopowders with high crystallinity.
Referring to luminescent properties as a function of the strontium aluminate phase, majority of works establish that Mc polymorph has the best performance, 17, 18 and the presence of hexagonal phase in coexistence with Mc phase decreases the emission intensity. 19 There are, however, divergent views in that regard since a higher emission efficiency for hexagonal phase has been already reported. 20 Therefore, the stabilization of one polymorph to the detriment of the other polymorph (that is, the hexagonal polymorph versus the monoclinic, or vice versa) may meddle with the emission mechanism and, thus, directly inuence the macroscopic luminescence response of SrAl 2 O 4 -based system.
Here, we explore the relationship between the polymorphic coexistence and its inuence on the macroscopic luminescence response of SrAl 2 O 4 -based system. For that, we have stabilized the hexagonal polymorph (H) by means of the synergistic effect between Zn 2+ incorporation and the addition of an Al 3+ excess on SrAl 2 O 4 -based system, using molten salt synthesis. This approach was adopted taking in accounts the results related to hexagonal polymorph stabilization, obtained previously by combustion technique 14 and by spray-drying process. 21 Speci-cally, it is important to remark, that both the alumina precursor and the Al 2 O 3 /SrO ratio play an important role in the hexagonal polymorph stabilization. Ultimately, high resolution transmission electron microscope of the hexagonal phase suggests that nanometric particle size preserves the stabilization of the hexagonal polymorph at RT.
Results & discussion
Effect of Zn
2+ incorporation on the SrAl 2 O 4 -based system A ZnO incorporation study was carried out employing two alumina precursors: g-Al 2 O 3 and a-Al 2 O 3 with average particle size z 0.1 mm. Fig. 1 shows the XRD patterns corresponding to the powder synthesized by the molten salt method without ( Fig. 1(a) and (c)) and with 20 wt% of ZnO ( Fig. 1(b) and (d)), which were thermally treated at 1000 C for 2 h in air atmosphere, employing a salt/SrAl 2 O 4 molar ratio of 3 : 1 and Al 2 O 3 / SrO ratio of 1, and two alumina precursors: g-Al 2 O 3 ( Fig. 1(a) and (b)) and a-Al 2 O 3 ( Fig. 1(c) and (d)). As shown in Fig. 1 On the other hand, ZnO incorporation decreases rich strontium secondary phases, it can be attributed to the role of ZnO as a mineralizing agent. 22 The absence of secondary phases in the doped powders should be a remarkable result since these phases are commonly present in SrAl 2 O 4 -based systems affecting the luminescence response. However, the presence of Despite the fact that most studies describe that hexagonal phase is not luminescent, discrepancies in the literature encourage for evaluating the photoluminescence response of hexagonal phase. Fig. 3(b) shows the photoluminescence emission spectrum (l exc ¼ 380 nm) of SrAl 2 O 4 : Eu, Dy powder with different ZnO contents compared to a commercial powder (from Jinan Chenghao Technology Co., Ltd) as received, which has an average particle size d 50 $ 20 mm. The emission band centered at 515 nm is assigned to the transition 4f 6 5d 1 / 4f 7 ( 8 S 7/2 ) of Eu 2+ ions. 26 Therefore, hexagonal phase shows green emission. The intensity of the emission is lower than the commercial reference due to larger particle size (20 mm) of the reference in comparison with particle size of powders synthesized with hexagonal phase in this work. As increasing ZnO content, photoluminescence intensity emission increases, so a high content of zinc oxide (10 wt%) is also evaluated (see ESI S2. †). By XRD, secondary phases or the presence of unreacted ZnO are not observed (see ESI S2. †). However, it is possible to Fig. 3(c) shows the aerglow decay curve of synthesized SrAl 2 O 4 : Eu, Dy powder with 5 wt% of ZnO compared to the commercial powder aer the light source was cut off, irradiated for 10 min by a l exc ¼ 380 nm. The initial intensity decreases signicantly in comparison with the commercial counterpart. Decay phosphorescent measurement only for the sample with 5 wt% of ZnO is presented because the reduction is higher than 1 order of magnitude for samples with lower content of ZnO. These results conrm that the long-lasting luminescence drops meaningfully for nanometric particles. Therefore, hexagonal phase is luminescent, but the persistence of the emission is lower than that of monoclinic phase partly due to the nanometric particle size obtained when hexagonal phase is stabilized at RT.
The key to stabilizing the hexagonal polymorph is its nanometric nature
In order to study in depth the role of ZnO incorporation in the phase formation, a detailed morphological characterization is carried out by FE-SEM and high-resolution transmission electron microscopy (HRTEM). Fig. 4 illustrates the micrograph by FE-SEM of the synthesized powders (a-d) without and (e-h) with 5 wt% of ZnO. A general view of the micrographs reveals that the samples are composed by two different morphologies. Hereaer, it will be referred as type I and type II. Type I morphology involves discrete particles as shown in Fig. 4 (a) with an average particle size # 200 nm and clearly observed in the high magnication micrograph in Fig. 4(b) . Whereas, type II morphology comprises particles with a high agglomeration grade as illustrated in Fig. 4(c) . In both cases, there is a coexistence of these morphologies types (Fig. 4(d) and (f) ), however, it is remarkable that mainly type I morphology is formed.
Furthermore, the EDS analysis is carried out on all the specimens in order to identify the composition of the both morphologies as well as its homogeneity. Chemical analysis by EDS from the areas of interest 1, 2 and 3 in Fig. 4 (a) and 4 and 5 in Fig. 4(c) Table S1 (see ESI). † Concerning the particles with ZnO, the two morphologies are also observed (Fig. 4(e) and (f) ). However the morphology type I is formed by particles with lower particle size (see Fig. 4 (g) and (h)). Chemical analyses by EDS from the areas of interest 6, 7 in Fig. 4 (e) detects the following elements: Sr, Al, O, Eu, Dy and Zn. Area 7 reveals a higher content of Sr, indicating that these particles have a chemical composition near to stoichiometric composition, while in area 6, particles are more agglomerated and a higher presence of unreacted Al 2 O 3 (see ESI Table S1 †).
HRTEM is also performed to obtain a detailed phase and morphological characterization. TEM and HRTEM analyses of the powder without ZnO are illustrated in Fig. 5(a-f) and with ZnO in Fig. 6(a-d) . The low magnication TEM image (Fig. 5(a) ) shows the presence of discrete particles (that is, type I morphology) and agglomerates (that is, type II morphology) as shown in SEM characterization. The magnied micrograph is shown in Fig. 5(b) with particles of average size # 50 nm. The interplanar spacing is calculated as 3.13Å from the inverse FFT pattern, matching to the (103) (d 103 Theoretical ¼ 3.07Å) reection of the SrAl 2 O 4 pattern (JCPDS no. 31-1336). The selected area electron diffraction (SAED) pattern recorded at the former location reveals ring patterns containing bright spots which conrm the presence of crystalline phase in the sample (Fig. 5(d) ). The SAED pattern is indexed according to (101), (110), (104) reections of the hexagonal phase of SrAl 2 O 4 , corresponding to 3.94, 2.57, and 1.91Å calculated d-spacing, respectively. The dimension of the crystalline regions is lower than 20 nm. These results justify the hypothesis that a smaller particle size preserves the stability of hexagonal polymorph. Fig. 5 (e) and (f) illustrate another type of morphology particles (that is, type III morphology); the size of the particles is lower than the other morphology (that is, type I morphology). Chemical analyses reveals that particles located at point 1 ( Fig. 5(a) ) are formed by SrAl 2 O 4 and unreacted Al 2 O 3 , while the particles located at point 2 ( Fig. 5(e) ) are associated with alumina (see ESI Table S2 . †). The particles with type I and II morphology could be formed by shell-like SrAl 2 O 4 formation and a core of Al 2 O 3 , as has been observed previously, 27 when the dissolution-diffusion transport mechanism ("template mechanism") is the dominant mechanism in molten salt route.
TEM and HRTEM of particles with ZnO ( Fig. 6(a-f) ) reveal that ZnO addition decreases signicantly the particle size in good agreement with the SEM results (Fig. 5(e-h) ). The interplanar spacing is calculated as 2.67Å from the inverse FFT pattern, matching to the (110) (d 110 Theoretical ¼ 2.57Å). The SAED pattern recorded at the former location reveals ring patterns containing bright spots which conrm the presence of crystalline phase in the sample (Fig. 6(d) ). The SAED pattern is indexed according to (101), (102), (110) and (104) reections of the hexagonal phase of SrAl 2 O 4 , corresponding to 3.99, 3.13, 2.54, and 1.81Å calculated d-spacing, respectively. Chemical analyses do not reveal ZnO presence from particles located at point 1 0 (Fig. 6(a) ) (see ESI Table S2 †).
As we just observed, the photoluminescence intensity is dependent on the extrinsic (i.e., morphology and particle size) and intrinsic features of the particles (i.e., polymorphic coexistence, crystallinity, etc.). 28 Within these last features, the oxidation state for the Eu element has a great inuence mainly on the macroscopic photoluminescence response of the SrAl 2 O 4 -based system. 27 To quantify the relative amounts of the two oxidation states for Eu element, X-ray absorption near-edge structure spectroscopy (XANES) measurements at the Eu L 3 -edge were performed. The reference spectra of Eu 2+ (EuI) and Eu 3+ (Eu 2 O 3 ) are shown in Fig. 6 (e). The difference in the energy can serve as a ngerprint of the two oxidation states. The spectra of the powder synthesized without ZnO (black spectrum) and with 5 wt% ZnO (blue spectrum) by using Al 2 O 3 /SrO molar ratio of 2 are shown in Fig. 6 (e). These spectra consist of two peaks coinciding with the reference spectra of Eu 2+ and Eu 3+ , and denitively conrming the coexistence of both oxidation states. ZnO addition results in a notable reduction of the Eu 3+ and an increase of Eu 2+ peak intensity. It should be emphasized that the photoluminescence intensity increases accordingly with the Eu 2+ fraction. 27 The addition of a mineralizing agent as ZnO favors the diffusion of Eu cations during the thermal treatment under reduction atmosphere in the trydymite structure and their stabilization as Eu 2+ . For this reason the photoluminescence intensity increases when ZnO is added. 27 Al MAS NMR and 2D MQ-MAS 27 Al NMR study: one more step to reveal the origin of the macroscopic photoluminescence response of the hexagonal polymorph Solid-state NMR has specic and important advantages compare to XRD by studying the local structure around a selected nucleus, with no limitations due to disorder in the sample. NMR is a local probe that detects all the structures regardless of whether they are related to crystalline phase, amorphous phase. To improve the resolution, we have used the two dimensional MQ-MAS technique. Fig. 8(a) illustrates the 27 Al MAS (experimental (blue) and simulated (red)) and MQ-MAS spectra and with its simulation of the alumina precursor (g-Al 2 O 3 phase). The observed 27 Al line shapes are characteristic of a distribution of 27 Al chemical shi and quadrupolar coupling constant. 1D and 2D spectra are very satisfactorily simulated using a fully random distribution of quadrupolar and isotropic chemical shi interactions as expressed within the GIM model. 29 The retrieved average isotropic chemical shi d iso , mean quadrupolar coupling constant C Q and population of each site are given in Table 1 . The whole set of 1D and 2D spectra were modeled using a single consistent set of parameters. The spectra reveals one peak in the Al T region (85 to 60 ppm) with a maximum located at about 74 ppm. Likewise, two peaks can also be found in the Al O region (25 to 0 ppm) with located at about 14.6 and 7.3 ppm. It corresponds to the g-Al 2 O 3 phase with an isotropic chemical shi at about 12 ppm 30 and unassigned alumina (Al un ) phase that appears at the lowest isotropic chemical shi of about 7 ppm.
A combined experimental
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In addition, the pentahedral (Al P ) coordination is observed; around ca. 37.8 ppm. These broad peaks are characteristic of the highly disordered g-Al 2 O 3 phase. 31 Two classes of quadrupolar lineshapes in the Al O spectral region, two in the Al T region and one in the Al P region can distinguish for g-Al 2 O 3 precursor. The simulated parameters are summarized in Table  1 . The NMR spectra for the synthesized SrAl 2 O 4 : Eu, Dy powder without and with 5 wt% of ZnO are shown in Fig. 8(b) and (c), respectively. SrAl 2 O 4 phase formation shows the appearance of a shoulder at the high chemical shi side of the tetrahedral Al 3+ feature. In SrAl 2 O 4 structure all the aluminum atoms are located into AlO 4 tetrahedral (isotropic chemical shi at about 80 ppm). Also, the peak with chemical shi of about 7 ppm disappears and 27 Al nucleation sites that eventually evolve into the q-Al 2 O 3 phase (near 13 ppm) that appears. Specically the relatively Al 1D MAS (upper figures) and 2D MQ-MAS spectra (lower figures) spectra (color lines) and its simulation (black lines) with the parameters reported in Table 1 for the (a) alumina precursor, and the synthesized SrAl 2 O 4 : Eu, Dy without (b) ZnO and (c) with 5% of ZnO. 1D spectra are fitted along with their respective MAS-related sidebands (*) which correspond to the bands n ¼ 0 of the external transitions. nylon container for 20 minutes by using a turbula-type mixer at 50 rpm with ZrO 2 balls with a diameter of 0.5 mm. The above materials were mixed in the same dry conditions using the turbula-type mixer. The salt/SrAl 2 O 4 molar ratio was kept at 3 : 1. The homogenized mixture was placed in an alumina crucible with a platinum foil to avoid reaction with the crucible. The powders were heated to a given temperature (1000 C) in air or 90N 2 -10H 2 atmosphere and held for 2 h in order to reduce the europium and obtain a phosphorescent material. A white powder was nally obtained.
Structural and microstructural characterization
The crystalline phases were characterized by X-ray diffraction (XRD, D8, Bruker) using a Lynx Eye detector and a Cu Ka 1,2 radiation. The morphology of the nanostructured powders was evaluated using secondary electron images of eld emission scanning electron microscopy (FE-SEM, Hitachi S-4700). The particle size and morphology at the nanoscale of the samples were also evaluated using a transmission electron microscope (TEM/HRTEM, JEOL 2100F) operating at 200 kV and equipped with a eld emission electron gun providing a point resolution of 0.19 nm. The microscope is coupled with an INCA x-sight energy dispersive X-ray spectrometer (EDXS, Oxford Instruments) used for chemical analysis. X-ray absorption near-edge structure spectroscopy (XANES) measurements were carried out at Eu-L 3 edge at the Spanish CRG beamline BM25A (SpLine) at the European Synchrotron (ESRF), France. X-ray absorption (XAS) spectra were collected in uorescence mode at 45 incidence and at RT. Signal was measured using a 13 element Si (Li) solid state detector from 2 eV Scientic Instruments. Final spectra represent an average of three X-ray absorption (XAS) scans. The X-ray absorption data were analysed using ATHENA soware.
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Solid-state NMR experiments were performed using Bruker Avance III spectrometer operating at magnetic eld strength of 20.0 T, using a 2.5 mm resonance probe at a MAS frequency of 30 kHz. The 27 Al chemical shis are referenced to 1 M Al(NO 3 ) 3 .
Triple-quantum 27 Al MQMAS 2D spectra were acquired using a three-pulse sequence with a zero-quantum lter, 35 a repetition delay of 1.0 s, and rotor-synchronized sampling of the indirect dimension. Phase cycling involved the States method 36 for acquisition of pure absorption line shapes. The optimized excitation and conversion pulse width was 2 and 0.9 ms, respectively. The NMR parameters (chemical shis and quadrupolar parameters) were tted by means of a DMt program. 
Luminescent characterization
Optical properties of these materials were investigated by measuring emission and excitation spectra. The photoluminescence spectra of the phosphor particles were recorded with a spectrouorometer (Fluorolog®-3, HORIBA Jobin Yvon) at RT. The emission spectrum was measured over the wavelength 400-650 nm, a xenon arc lamp was used as excitation source (l exc ¼ 380 nm). The decay proles were also recorded using the same instrument aer the samples were exposed to monochromatic light, l exc ¼ 380 nm, for about 10 minutes.
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